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INTRODUCTION 
During the past decade, liquid immersions 
development (L1D) of a latent electrostatic image has 
become an established alternative to dry toning. In this 
development method(l), pigment particles that are 
electrostatically charged and dispersed in a dielectric 
fluid undergo electrophoresis in an applied electric 
field to neutralize a latent electrostatic image which 
resides on either a photoreceptor drum or on dielectric 
paper. This results in the creation of a legible or 
hardcopy of the latent electrostatic image. 
Liquid development has several advantages compared 
with dry development using fine particles charged 
triboelectrically: 
1. High resolution and halftones are obtained by 
using a fine-grained suspension. 
2. The edge effect, by which the stronger electric 
field of the edge portion in a latent image causes a 
partially higher image density, is softened by 
controlling the conductivity of the developer. 
3. A compact unit is designable and machine 
1 
troubles are decreased because of the simple 
construction of the developing unit. 
Although colloidal stability of toner particles in 
LID is an important practical criteria, the transport 
phenomena through the fluid medium is 
important in LID development. 
The problems associated with the 
measurement of electrophoretic mobility 
particles forms the subject of this report. 
Classical experimental techniques 
much more 
experimental 
of toner 
for micro-
electrophoresis and moving boundary electrophoresis are 
usually not applicable to nonaqueous 
dispersion of low conductivity. With 
colloidal 
typical 
electrophor~tic geometries, the electric fields are 
nonuniform in insulating low dielectric constant media. 
However, electrophoretic measurements of particle 
mobilities in dielectric 
parallel plate electrode 
(5-7) Novotny et al measured 
media were reported for 
( 2-4) geometries . Resently 
particle size, mobility, 
charge, charge/mass, by using optical and electric 
transients.in a transparent parallel electrode cell. 
A novel optical transient technique has been 
2 
0 
' ,I, 
developed which complements the methods described above 
and has unique capabilities. It is aimed mostly at 
investigations in nonaqueous media where ciassical 
methods have severe limitations. The technique is based 
on detecting the optimum frequency for particles to 
arrive at a point i.e. the electrode of opposite charge. 
In this technique, a frequency generator with DC offset 
(HP-3310A) is used to measure the time of flight for 
particles moving in a cell with specific spacer. The 
resulting velocity of particles at a specific potential 
gradient is the electrophoretic mobility of particle in 
the cell. An additional advantage of measuring the 
electrophoretic mobility of dispersions by means of a 
frequency generator and a display type cell is that the 
measurements can be carried out over a wide potential 
gradient range. 
3 ' 
ELECTRIC MOBILITY IN NONAQUEOUS SYSTEMS 
Nonaqueous systems are more complex than aqueous 
systems~ because there exist no well-defined ionic 
species, and the small amount of water in nonaqueous 
systems that cannot easily be controlled often give 
puzzling effects(B). Electrophoretic mobilities are also 
small in hydrocarbons because of the low dielectric 
constant. If large fields are applied in an attempt to 
increase the velocity, polarization of the particles is 
promoted. This results in an unpredictable field and 
moreover, at higher fields, charge exchange between 
particles and electrodes is accentuated so that some 
particles can be observed shunting to and fro between 
the electrodes( 9). 
There are three causes for potential sources of 
error or experimental artifacts which occur when 
measuring the electrophoretic mobility of particles 
dispersed in organic solvents of low conductivity. The 
three phenomena are: (1) a time delay for the electric 
field to reach a constant value; (2) a non-uniform field 
4 
within the cell; and (3) current leakage at the cell 
wall/liquid interface. These three phenomena were 
considered as a function of solvent conductivity in 
order to evaluate the reliability of the electrophoretic 
mobility measurements. 
When a low conductivity solvent is subjected to an 
electric field a period of time is required for the 
electric field to reach a constant value after a voltage 
is applied to the solvent. This time delay can be 
obtained from the equation: 
T = 1.29 X 10-lO X K2 ,x A/ 7t 2 Sc (1) 
where Tis the time delay (sec), K is the cell constant 
[m-1J, A is the cross-sectional area of the capillary 
[m2J, and Sc is the specific conductance of the solvent 
[ !i1m-1J. The equation shows an inverse relationship of 
time delay to the conductivity. For a solvent with a 
-9 -1 -1 I -6 
conductivity of 10 J1. m , a time delay of 36xl0 sec 
was calculated for a cell of A=l.9xl.9 cm
2 
with 100 um 
spacer. 
The second phenomenon is the non-uniform field 
which 
effect 
leads to the migration of particles due to the 
i i If
 / I 
of d electrophores s. A non-uni orm electric 
5 
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field usually exists in a low conductivity solvent 
exposed to a high field strength. The suspended 
particles have a tendency to migrate from low to high 
electric field, and the migration velocity is 
proportional to the square of the local electric field. 
In order to prevent the effect of dielectrophoresis, the 
geometry of the cell must be such that the electrode 
area is large co~pared to the distance between 
electrodes. 
The third phenomenon is the possible current 
leakage through the capillary wall when a high voltage 
is applied across a low conductivity solvent. The 
current leakage becomes significant when the 
electrophoretic cell is immersed in a constant 
temperature water bath. This current leakage results in 
a lower potential gradient than the value calculated 
from experimental conditions. 
6 
HIGH-FIELD ELECTROPHORESIS 
(A) Detachment of the Electric Double Layer at High 
Velocity 
Nearly all surfaces in contact with a fluid have 
surface charge Q and thus a. potential '\f which falls off 
as a function of distance from the surface. In order to 
maintain electrical neutrality, this surface charge must 
be balanced by an equal number of counter ions in the 
surrounding fluid and thus we are left with a picture of 
the electrical double layer as shown in Figure 1. 
3 -
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Figure 1. The electrical double layer. 
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The dimensions of the so-called diffuse double 
layer are characterized by the Debye length(lO) 
1/ K = ( f. E o kT / e 2 ~ n i Z i 2 ) l/ 2 ( 2 ) 
( 
where c is the relative permittivity; Co the permittivity 
of vaccum; k, the Boltzmann constant; T, the absolute 
temperature; e, the electron charge; ni, the number of 
ions per volume; and zi' the valency of ions. In apolar 
media, where the number and kind of ions are usually 
unknown, a transformation of Eq. (2) is preferable(ll). 
In the case of two kinds of ions of equal valency and 
mobility one obtains 
1/K = ( E£0Di /6 ) 1/ 2 ( 3) 
where 6 is the conductivity of the suspension and o. the 1 
diffusion coefficient of ions given by 
o i = kT / 6 rr1 r i (4) 
where ri is the ion radius. By estimating the size of 
the ions 1/K thus becomes a simple function of O • 
The diffuse double layer plays an important role in 
low-field electrophoresis. Shortly after an electric 
field is applied, a steady state is reached and the 
particle moves with a constant velocity in the field 
direction, whereby four forces are in equilibrium( 12 ): 
8 
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(1) the driving Coulomb force, (2) the Stokes frictional 
resistance, (3) the electrophoretic retardation and (4) 
the relaxation effect. Retardation is caused by a local 
movement of the liquid by the net charge of the diffuse 
double layer. The relaxation _ effect, and additional 
retarding force, is due to the resulting asymmetry of 
the double layer during particle motion, because a 
finite time, the relaxation time 
T = E.Eo I 6 ( 5) r 
is needed for the original symmetry to be restored. 
At high velocities, however, not only can a 
displacement of the charge centers occur but a complete 
separation of the particle from its double layer may 
take place, namely if, during the relaxation time Tr' 
the particle travels a distance which exceeds the 
double-layer extension. Therefore the critical velocity 
above which the electrical double layer is stripped off 
is equal to 
vkr = 1 / K Tr 
(6) 
Using Eq.(3) and (5) we obtain 
vkr = ( Di (j / tto )1/2 = Di X K (7) 
Equations ( 6) and (7) are valid for all charged 
. 
species 
9 
in the solution, provided that their dimensions are 
small compared with their double layer ( Kr << 1 ). p 
The complete separation of the particle and its 
diffuse double layer leads to a considerable 
simplification of the equation of motion. Thus, by 
equating the Coulomb driving force and the Stokes 
frictional resistance 
Q E = 6 Jtn r V p .£ p e 
Qp = 6 7r ~ r p U e 
( 8) 
(9) 
the particle 
the mobility Ue 
charge Q can be determined directly from p 
and radius of the particle, in 
contrast to conventional low-field electrophoresis 
which, according to Henry's equation(l3) , 
ue = f (Krp)E to! / r (10) 
only gives the zeta potential~ of the particle. 
Values of Vkr calculated from Eq. (7) and (4), for 
an ion radius of 1 nm ( Table 1) are rather low and 
easily exceeded in practical systems, for instance, with 
u = 10-9 m2/v.sec = 10-l um.cm/v.sec; E > 105 v/m = 103 
e 
v/ cm and 6 < 10-10 .n1m-1 = 10-12 ..o:1 cm -l 
10 
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Table 1. Relaxati~n time, Debye Length and Critical 
velocity as a function of the conductivity for an ion 
of radius r i = 1 nm and c = 2. 
Tr 
(msec) 
177 
1. 77 
0.0177 
1/K 
(um) 
1. 56 
0.156 
0.0156 
vkr 
(um/sec) 
a.a 
88 
880 
(B) Consideration of the Liquid Flow Near the Particle 
For Krp > 1, however, the viscous drag of the 
particle,i.e., the decrease in the relative velocity 
between particle and liquid near the particle surface 
must be taken into account. In the following evaluation 
we use the velocity Vx in the yz-plane ( Fig. 2a). With 
X = o and W = r / r : p 
vx = v0 ( 1- 3/4 w- 1/4 w
3 ) ( 11) 
11 
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, 
r 
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0 
> 
X "- 0.5 
-... L 
-
X 
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r 
Figure 2a Figure 2b 
Equation (11) and Figure 2b show that for an 
extended double layer the influence of liquid flow IDay 
be disregarded, because its main change occurs within a 
distance of 2r from the particle surface. On the other p 
hand, if Krp > 1, the removal of the double layer occurs 
only at higher velocities than those predicted by Eq. (7) 
The graphical method for the correction of the 
critical velocity is outlined in Figure 3 which contains 
the Stokes profile and the effective charge Q /Q e p 
percent) with Krp as the parameter. 
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Figure 3 Effective particle charge with Kr as a p 
parameter and Stokes profile. 
The selection, for instance, of an effective charge 
= of 80% and Krp = 0.2 gives re/rp = 1.63 and V(re}/V0 
0.48 This means that in order to remove the outer space 
charge from a "particle" having an effective charge of 
80% it is necessary to increase the particle velocity 
vkr to vkr'= vk~0.48 
In Equation (i) the critical velocity is a function 
of conductivity and ion radius only. When the change of 
liquid flow near the particle is considered additional 
variables are found, i.e., the effective charge and the 
particle radius. 
13 
(C) Field Dependence of Electrophoretic Mobility 
When observing the behavior of the electrophoretic 
mobility during the transition from low to high electric 
field strength one can distinguish three regions as 
shown in Figure 4. 
,... 
.0 
0 
E 
u 
low medium high 
Field strength 
Figure 4 Field dependence of electrophoretic mobility 
4 . (1) At low field strength ( < 10 V/m) in the region of 
conventional microelectrophoresis the mobility is 
constant and its value depends on the zeta potential. 
(2) At medium field strength the mobility increases with 
increasing field strength because the retarding effect 
of the double layer gradually disappears as the counter 
ions are stripped off. 
(3) Finally, the maximum mobility of a charged free 
particle is reached at very high field strength, when 
the double layer is completely stripped off. (l4) 
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EXPERIMENTAL 
(I) Preparation of Dispersions 
The dispersion medium was Isopar H (Exxon) which is 
an aliphatic hydrocarbon with specific gravity 0.76, 
Viscosity: 1.58 CP, dielectric constant: 2.0, and 
specific conductance: l.5xlo-13 .n.-l m-l 
A grinded mixture of carbon black (Mogul L) and 
polyethylene-polymethylmethacrylate, PE-PMMA copolymer 
as toner particle were sonified in an ultrasonic 350W 
sonifier for 30 minutes with a petroleum sulfonate 
surfactant which is basic Barium Petronate, Ba-P from 
Witco. 
(II) Particle Size Measurement 
Important factors which govern the dispersion 
properties of pigments are particle size and size 
distribution. The particle size distribution of 
colloidal dispersions of pigments is normally in the 
submicron range. Therefore, only instruments which are 
capable of measuring particles in the submicron range 
are applicable for the dispersions used in this 
15 
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investigation. The Coulter Model N4SD which utilizes 
the physical principles of light scattering by particles 
in constant Brownian motion, was used for particle size 
analysis. Browian motion is the effect of the random 
and ununiform striking molecules of the fluid upon each 
particle. This random striking causes the particles to 
vibrate or move random directions with a frequency which 
is inversely relat to particle size; the smaller the 
particle the faster vibrates. There is no need to know 
material properties such as shape and structure, but 
refractive index, viscosity and temperature of the 
suspending liquid must be known. The light scattering 
data is used to determine the diffusion coefficient of 
the particles and, through the appropriate of theory, 
the particle size distribution. 
(III) Water Content Measurement 
It is known that the traces of water may have 
influence on the surface chemical properties of 
nonaqueous systems. Parfitt et al(lS) and Kitahara et al 
(lG) have reported the effect of water on the zeta 
potential of rutile particles and carbon black in 
16 
nonaqueous solutions of Aerosol OT. A systematic 
research which was done by Micale et al(l?) to determine 
the mechanism whereby trace water affects the dispersion 
characteristics of rutile in organic liquids was the 
most notable. 
Photovolt's Aquatest IV was used to look into water 
content in the solvent systems investigation. It is 
based on the specific and quantitative reaction of water 
with Karl Fischer reagent. This instrument is unique in 
that the reagent is generated electrolytically rather 
than added from a burette. First, water content of a 
specific sample is measured after exposed in the air for 
a week. Afterwards the sample is treated with Molecular 
Sieve 4A to remove water and measured again. Typically, 
water concentration in the Isopar is about 30 ppm; after 
treatment with the Molecular sieve there remain about 
5-10 ppm water. 
(IV) Electrophoretic Mobility Measurement by Frequency 
Responce Cell, FRC 
The FRC method involves a dispersion was being 
placed in a planar capacitor, a frequency generator with 
17 
DC offset (HP Model 3310 A), and a microscope (with 
2lxl7 magnification). The optical transient properties 
of the dispersed particles were measured in the cell and 
then the electrophoretic mobility of the particles were 
calculated under different conditions. The cell was made 
up of two glass plates coated with tranrparent indium 
oxide film as electrodes. Spacing of the capacitorlike 
cell was defined by a teflon gasket which was held 
mechanically by clamps. 
The frequency generator was capable of generating a 
square wave type driving voltage with peak ranging from 
-120V to +120V. With the application of DC offset, the 
square-wave type voltage can be shifted to a form as 
shown in Fiqure 5. The period of voltage alternation, t, 
can be varied from 10-4 sec to 105 sec by selecting 
frequency from 4 -5 -1 10 to 10 sec . The generater allows 
voltage to change polarity in a time ( <30 ns rise and 
fall times at full input) that is short compared to the 
period of alternating voltage. 
The cell was initially set with a voltage offset 
which, for negative particles, was two times as great 
when the back ~lectrode was positive as shown 
18 
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schematically in Figure 5. This insures that all the 
particles in the cell start at the electrode for 
analysis. The frequency was initially set at a high 
value and the focus was adjusted to the top electrode. 
The frequency was then gradually decreased until the 
particles were observed to arrive at the top electrode. 
This frequency represents the time required for the 
detected particles to travel from the bottom to top 
electrode after switching from a two times voltage 
driving the particles to bottom electrode to a one times 
voltage driving the particles to the top electrode. 
The electrophoretic mobility, U , of the particles ~ e 
were calculated from the equation: 
U = H2 X F X 10-4 / V 
e 
(um/sec)/(volt/cm) (12) 
where His the distance between electrodes, F is the 
frequancy at which the particles are first detected and 
vis the absolute voltage driving the particles to the 
top electrode, i.e. the one times voltage. The frequency 
value F was normally determined by decreasing the 
frequency from a high value and increasing the frequency 
from a low value where the end point F value was the 
first signs of particle appearance or the first signs of 
19 
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particle disappearance, respectively. The reported 
values of Fused for calculations were generally the 
average of results obtained by both methods. A major 
portion of this research project, which is reported in 
results, was focused on an evaluation of the reliability 
and artifacts of this experimental method. 
VO) 
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:o 
I 
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0. 0 
Time 
Figure 5 Schematic representation of particle moving in 
the cell with respect to the voltage off-set. 
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RESULTS AND DISCUSSIONS 
(I) Particle Size Measurement 
Dispersions of toner particle were prepared in 
Isopar-H with 0.25 and 0.5% Barium Petronate, Ba-P by 
sonification for 30 minutes at 25°c. The particle size 
distribution results for these dispersions are shown in 
Figure 6. Because the dispersions consist of two 
different components, i.e. carbon black and polymer, 
with widely different particle size and density, two 
peaks are detectable. In Figure 6a shows that there are 
21% smaller particle with 463 nm and 79% larger particle 
with 1610 nm and the total mean diameter is 1370 nm·-with 
standard diviation 680 nm. Figure 6b exhibits 19% 
smaller particle with 107 nm and 81% larger particle 
with 1230 nm and the total mean diameter is 1020 nm with 
standard diviation 580 nm. 
An important aspect of particle size is the 
critical particle diameter below which dispersion will 
be stable with time. One criterion proposed by 
overbeek(lO) for critical settling is that a particle 
sedimentation rate of only 1 mm in 24 hours will be 
21 
offset by the thermal convection and Brownian motion 
within the sample. According to Stokes law for 
sedimentation: 
V = D2 X /jp X g / 18 n sed ·l (13) 
where D: particle diameter 
~: viscosity of medium 
~e: density difference of particle and medium 
The variation of critical particle size with 
density difference as a function of viscosity of medium 
is shown as Figure 7. For toner particle ( f= 1.2) 
dispersed in Isopar-H ( p = O. 76, "/. = 1. 58 cp the 
critical diameter for settling is about 0.3 um. We found 
that in the dispersions of toner some larger particles 
settled in few hours after sonified, but some smaller 
particles are evenly dispersed in the liquid. 
22 
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(II) Electrokinetic Measurement 
The relationship between electrophoretic mobility, 
Ue and the zeta potential of particle is seen to be 
quite complex in low conductivity solvents. When the 
particle size-electrolyte concentration conditions are 
not clearly defined, the zeta potential can not be 
evaluated unambiguously from experimental mobilities. 
The experimental results in these circumstance are best 
reported as electrophoretic mobilities. Mobilities of 
unpigmented toner , PE-PMMA, carbon black, and toner 
particle which consists of carbon black in PE-PMMA, are 
measured for different concentrations of water in the 
solvent as a function of E(l) in the range of 
2000-10000 V/cm as shown from Figure 8 to 11 where E(l) 
is the potential gradient in the forward direction. The 
results show that water plays an important role in the 
experimental results. 
Figure 8 shows that the unpigmented toner (PE-PMMA 
Copolymer) without Ba-P has zero mobility over the 
entire range of the electrical field, but with 5% Ba-P 
(wt% based on toner) the mobility varies with respect to 
i' 
applied electrical field with an increase in the range 
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of 1000-4000 V/cm, then levels off after 4000 V/cm for 
the higher concentration of water in the solvent. 
Originally, there was 29 ppm water, and particles were 
negatively charged, and after treated with a molecular 
sieve and reduction of water content to 5ppm the 
particles become positively charged. Addition of a small 
amount of water to 32 ppm results in particles again 
becoming negatively charged. 
This phenomena can be explained as proposed by 
Parreia(lS). He suggested that the charge might be 
associated with preferential adsorption of the cation at 
the negative end of an induced dipole created from the 
co group on the particle according to the following 
mechanism. 
Where the ion-dipole of C=O .... 
)+ + RS03- (14) 
( MRS03 )+ prevails 
on the surface and furnishes a positive charge. In the 
absence of water the surfactant undergoes dissociation 
according to equation (14) and the unpigmented toner 
which is PE-PMMA copolymer composed of C=O in acrylate 
molecule, is found positively charged. While saturated 
2+ 
with water, the ionic surfactant M(RS03)2 ionized as M 
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Figure 9 and 10 show that carbon black and toner 
particle without surfactant have a negative charge as a 
function of potential gradient. The mobility, 
furthermore, is higher for higher water content and 
shows no hysteresis except for the toner particles at 
the higher water content of 27 ppm. Also, the carbon 
black and toner with lower water content exhibit 
mobilities which are independent of applied field. 
Lyklema(l4) has proposed a charging mechanism for 
the case of absence of adsorbable ions in nonaqueous 
media based on the idea of a proton doner and a proton 
acceptor: 
PH++ S =PH+ SH= P- + SH2+ 2 I (15) 
where PH and SH are the surface group of the particle 
and the solvent molecule respectively. Carbon black and 
toner particle thus give up their proton to the solvent 
and become negatively charged. 
Acid-base theory can thus be applied to a 
dispersion containing water and may be described 
schematically as follows: 
PH+ SH+ H+ +OH~ PH2+ +SH+ OH 
~ PHOH- +SH+ H+ 
28 
(16) 
(17) 
\ 
When the particle surface PH is more acidic than solvent 
molecule SH it will follow Equation 17 and the sign of 
the particles becomes negative. The indication is that 
carbon black and toner are more acidic than the solvent. 
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Figure 11 shows that the mobility of toner 
particle with 5% Ba-P as a function of potential 
gradient and with a water content of 27 ppm. The 
particles were negatively charged and the mobility 
increases from 2000 to 4000 V/cm and then levels off at 
higher potential gradients. 
A mechanism for negative potential with basic 
dispersants in liquids of low dielectric constant has 
been proposed by Fowkes(l9). He suggested that the 
charge separation occurs initially on the particle 
surface where hydrogen ions are transffered from acidic 
to basic sites in a region which may well have a higher 
..-.... .. ~- .. 
dielectric co~~nt than the liquid medium. Thus the 
hydrogens of the acidic sites on carbon black transfer 
to the basic petroleum sulfonate ( Ba-P ) . The second 
step required for particle charging is desorption of the 
proton-carrying surfactant off into the solution, 
leaving a negative charge on the particle. This 
mechanism is illustrated in Figure 12. An additional, 
and more conventional, mechanism is that the anionic 
Ba-P ionizes in the solvent and the resulting RS03 
preferentially adsorbs on the particle surface. 
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33 
AH AH 
AH 
AH 
AH 
~:\~ B. A-
AH 
2 \6~J~3 
Figure 12 Mechanism of electrpstatic charging of carbon 
. I 
black (with acidic lite AH) by basic 
dispersant Ba-P (with basic site B) in low 
dielectric media 
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Figure 13 shows·· the eJectrophoretic mobility of 
toner particle as a function of Ba-P concentration at 
4000 and 6000 V/cm. Both the 4000 and 6000 V/cm 
measurements have a maximum at 0.5% Ba-P. The curves of 
concentration dependence on mobility are similiar to the 
A type curve classified by Kitahara( 20). The mechanism 
L- ·-
by preferential adsorption of ions proposed by Kitahara 
as follow: 
T + R ~ TR 
...--- -
(18) 
(19) 
where T, R and TR show the adsorption sites, the 
negative ions in the solvent and the negative ions 
adsorbed and M+ and TR_M+ show the positive ions in the 
solution and ion pairs formed on the surface, 
respectively. Both equations are considered to be 
equilibrium simultaneously. He calculated~ -potential as 
a function of concentration of surfactant based on the 
above equilibrium equations as follow: 
:e = K / K cJn/2 + cn/2 + K c-n/2 ~ 0 1 2 ( 20) 
where n, K0, K1, K2 are constants and n is ranging 
from 
1.3 to 1.7. Where n is calculated of a value 1.45 in 
this experiment. 
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(III)Measurement of Delay Time 
The electrophoretic mobility results reported above 
were calculated from measurements taken with electrode 
spacer of 100 um thickness which controls the distance 
between electrodes, and with the voltage in the back 
direction, V(2), i.e. the voltage driving the particles 
to the bottom electrode, always having a value twice as 
great as the voltage in the forward direction, V(l). 
These results were considered to be at least 
semi-quantitatively correct until it was discovered that 
the calculated results were a function of the distance 
between electrodes, and in some cases the shape of the 
mobility verses potential garadient curves were altered 
with different size spacers. It became apparent that an 
experimental artifact exists which affects the time it 
takes for the particles to proceed from the bottom to 
the top electrode after electrode switching. Two factors 
which were taken into consideration were the time delay 
for the particle~- to leave the bottom electrode after 
electrode switching -and par~icle acceleration after 
•, 
leaving the botto~ electrode. 
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The effect of electrode distance on the mobility 
measurements was investigated by using electrode spacers 
of 50, 100, and 150 um. Typical results are presented 
' Figure 14 for an encapsulated titanium dioxide 1n 
dispersion in Isopar where the calculated mobility is 
seen to increase with increasing distance between 
electrodes for two different potential gradient 
conditions. The delay time of the particles were 
subsquently measured by focusing at the bottom electrode 
and observing, after starting from high frequency, the 
maximum frequency required for detection of particles 
leaving the electrode. The inverse of this frequency 
represents the delay time, or the time required for the 
particles to leave the electrode after electrode 
reversal drives the particles to the opposite electrode. 
\ 
\ 
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Figure 15 presents the results of delay time as a 
function of different distance between electrodes for 
two different potential gradient conditions. It should 
be noted that for a given potential gradient, changing 
the electrode distance requires that at least the 
absolute potential in the forward direction, V(l), must 
also be proportionally changed. A series of experiments 
were also run at constant V(l) and V(2), Figure 16, and 
the delay time was found to decrease with increasing 
distance between electrodes, which indicates that the 
delay time is also a function of the potential gradient 
which must change under these conditions. The indication 
was that the delay time was a function of the potential 
gradient in the forward direction, B(l), and the 
absolute potential in both the forward 
direction, V(l) and V(2), respectively. 
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A series of experiments were carried out where the 
delay time was measured as a function of either V(l} 
holding V(2} constant, Figure 17, and as a function of 
V(2) holding V(l} constant, Figure 18. The results show 
that the delay time decreases with increasing V(l} and 
increases with increasing V(2}. The proposed mechanism 
is that when a negative particle is driven to the back 
positive electrode which is at a potential V(2), there 
will occur a drain of electrons from the surface 
potential determing ions to the electrode in a quantity 
and rate proportional to V(2}. Electrode reversal will 
then result in a recharging of the surface ions at a 
rate proportional to V(l}. When the particle leaves the 
electrode it appears, by the results presented below, to 
be fully charged to its equilibrium value. The true 
electrophoretic mobility can then be calculated from a 
knowledge of the potential gradient in the forward 
direction, E(l), and the time it takes a particle to 
travel from the back electrode to the front electrode, 
i.e. the total time minus the time delay. 
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The electrophoretic mobility, which was corrected 
in each experiment for time delay, are presented in 
Figures 19 and 20 as as a function of distance between 
electrodes and E(2), respectively. The results show that 
the corrected mobilities are indeed properly independent 
of these two parameters, which leads credibility to the 
quantitative evaluation of the electrophoretic mobility 
of dispersions in low dielectric and low conductivity 
solvents under conditions of high field strength. 
Corrected values of the electrophoretic mobility of 
encapsulated titanium dioxide and carbon black toner as 
a function of field strength, E(l), in the range of 1000 
to 8000 V/cm are presented in Figures 21 and 22, 
respectively. The results show that the mobility 
increases with increasing potential gradient and 
eventually reaches a plateau. The plateau occurs above 
8000 V/cm for titanium dioxide and at 4000 V/cm for 
carbon black toner. The interpretation is that the 
counter ions are stripped from the particles with 
increasing potential gradient until all of the counter 
ions are removed and the particles acquire a net charge 
which is a function of the surface charge density. 
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The results presented above are consistent with the 
mechanism proposed by Stoze( 4)for dispersions in organic 
solvents. The complete separation of the particle and 
its diffuse double layer leads to a consideration only 
of Stoke's frictional force and Coulomb driving force 
for toner particles moving in the liquid medium. 
Theoretically, for particles moving at steady 
state, the velocity is: 
Ve = QP E / 6 "Tr 7 r P ( 21 ) 
and for particles moving at unsteady state the velocity 
equation is: 
Ve= Qp E [ 1 - exp( -ft/ m )] / f, (22) 
where V e is the velocity
 of the particle, Qp is the 
surface charge of the particle, rp is the radius of the 
particle, m is the mass of the particle, 1_ is the 
viscosity of the liquid medium, f is the frictional 
coefficient, tis the time and Eis the field strength. 
The velocity profiles for varied ratio of f/m and QPE/f 
are shown in Figures 23, 24 and 25. The acceleration 
time is increasing as the ratio of f/m decreases. This 
accleration period, however, is much smaller in all 
cases than the time measured for the particle travelling 
51 
through the cell. Thus it may be assumed that the 
particles are travelling with terminal velocity in the 
measuring cell and that no correction is necessary. 
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CONCLUSIONS 
The results show that the frequency response cell, 
FRC, is a valid experimental technique for measuring the 
electrophoretic mobility of dispersions in low 
conductivity and low dielectric solvents provided that 
the time delay of the particles to leave the bottom 
electrode is taken into account for each experiment. The 
experimental results lead to a knowledge of the 
electrokinetic properties of dispersion of this type and 
the conditions for stripping off of the counter ions 
from the particles. The time delay experiments also 
perimt investigation of electron discharging and 
charging of particles in electrode contact as a function 
of the absolute potential and the eledtro-chemical 
nature of the surface. The FRC, therefore has important 
implications for studying electrical double layer 
characteristics in organic solvents which traditionally 
are difficult to evaluate, and which have important 
implications in electrostatic printing and 
electrophoretic display cells. 
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